Abstract: Occupational exposure to respirable crystalline silica has the ability to cause silicosis. Silica is also suspected of being associated with an increased risk of lung cancer, kidney disease, rheumatoid arthritis, and other diseases. The specific mechanism(s) of pathogenesis for silicosis and these other potential health concerns remains unclear. This investigation measured dissolution rates of silicon dioxide (SiO 2 ) particles in simulated lung fluid to determine the residence times of such particles within the intracellular or extracellular spaces. Silicon dioxide dissolution rates were determined as a function of fluid pH, particle size, and SiO 2 concentration and mass. Gamble's solution was used to simulate intracellular and extracellular lung fluids at pH 6.0, pH 6.5, and pH 7.5. Test samples were paired by pH, particle size, and SiO 2 concentration/mass. Sample aliquots of filtered solution were collected over a 28-day test period. Results revealed SiO 2 became soluble and the dissolution rate increased with increasing pH and decreasing particle size. SiO 2 concentration and mass also appeared to have some effect on the rate of dissolution. These solubility characteristics appear likely to impact the residence times of particles within biological systems, suggesting a model for exposure and subsequent pathogenesis for systemic silica-related diseases.
INTRODUCTION
Exposure to respirable crystalline silica causes silicosis, but it has also been reportedly associated with lung cancer, rheumatoid arthritis, heart disease, kidney disease, COPD, pulmonary tuberculosis, and autoimmune disorders [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . Yet, the pathophysiological mechanisms are unknown, particularly for development of systemic effects [4, 11] . Crystalline silica dust is a common occupational exposure worldwide [1] . China reported 500,000 cases of silicosis and 24,000 annual deaths occurring in each year for the period 1991-1995 [12] . A 2008 report in the International Journal of Occupational Medicine and Environmental Health states that it is estimated there are over 2 million workers in the European Union exposed to crystalline silica, and in Poland, over 50 thousand people work under conditions of silica dust exposure exceeding the occupational exposure limit [13] . A recent report by the Centers for Disease Control and Prevention (CDC) estimates that more than 120,000 workers in the United States are exposed to respirable crystalline silica at or above the NIOSH recommended exposure limit of 0.05 mg/m 3 [14] . NIOSH has estimated that at the current occupational exposure limits (OELs); approximately one percent of exposed workers will develop silicosis over a 40-45 year working lifetime [4] .
general US population for lung cancer (1.6-fold), pneumoconiosis/silicosis (170-fold), arthritis (4.6-fold), and endstage kidney disease (1.9-fold) [4] . Yet, the mechanism(s) for developing systemic effects are unknown [4, 11] .
These results suggest silica not only causes silicosis but may be associated with other systemic diseases, possibly through migration from the lungs into the blood stream or via another mechanism [15] [16] [17] .
Particles that cannot be dissolved in the extracellular fluid of the lung are phagocytized by alveolar macrophages [17] [18] [19] . The intracellular fluid within alveolar macrophages is considerably more acidic (pH ~ 5-6) than the extracellular fluid (pH ~ 7-7.5) and lysosomes within the alveolar macrophages are primarily responsible for the decreased pH of the intracellular fluid [15, 16, 18] . This mechanism allows for dissolution of matter that is not dissolved in the extracellular lung fluid [17, 19, 20] .
Previous research designed to model particle dissolution within the lungs have used lung fluid simulates to represent conditions in both intracellular and extracellular lung fluids [21] [22] [23] . The results of studies using lung fluid simulates reveal that dissolution rates found in Gamble's solution were comparable to dissolution clearance rates from in vivo studies [21, [24] [25] [26] . It is also important to note that the citrate used in the Gamble's solution replaces proteins while acetate is added to represent organic acids [26] . Therefore, by using complexing agents such as citrates, phosphates, and carbonates, along with the corresponding fluid pH, in vitro chemical solubility studies are accomplished without using alveolar macrophages. The modeling of the translocation of particles through dissolution may provide valuable insights into possible mechanisms of toxicity for silica [20, 25] .
The purpose of this research was to measure the solubility of SiO 2 as a function of fluid pH, particle size, and SiO 2 concentration in Gamble's solution, a simulated lung fluid solution [26, 27] .
MATERIALS AND METHODS
A series of experiments was designed to measure the effects of fluid pH, particle size/surface area, and SiO 2 concentration on SiO 2 dissolution rates. Samples of 5.0 µm and 10.0 µm SiO 2 particles were provided by the Occupational Safety and Health Administration (OSHA) Salt Lake Technical Center, Salt Lake City, Utah. These samples were analyzed by the Department of Metallurgy at the University of Utah to verify particle size using a laser diffraction analyzer and were measured twice. They were found to have an average particle size at 50% of cumulative volume of 1.9 µm and 5.6 µm SiO 2 .
Lung Fluid Preparation
Three separate batches of Gamble's solution were prepared to produce simulated lung fluid composition as shown in Table 1 . The Gambles solution was added to nine liters of distilled water in a large plastic mixing carboy and bubbled with pure carbon dioxide (CO 2 ) for 15 minutes. The respective batches of simulated lung fluid were titrated with H 2 SO 4 to pH 6.0, pH 6.5 and pH 7.5 to represent approximate conditions within the intracellular and extracellular lung fluid. 
Sample Preparation
Four hundred ml of each simulated lung fluid solution (pH 6.0, pH 6.5, and pH 7.5) was added separately to empty high-density polyethylene sample bottles to form the different test groups (I, II, and III). One of the following SiO 2 mass and particle size samples was added to the test solution for each test group for a total of 12 different blends: The different mass quantities and particle sizes were used to determine the effects of each on SiO 2 dissolution. In pilot experiments prior to this research, sample results were significantly affected by the concentration of silica leaching from the glassware into solution. Thus, glass containing apparatus were not used for sample collection, solution storage, or filtration (e.g., glass fiber filters) for any of these experimental results.
Samples were continuously agitated at 100 rpm on an orbital shaker for the duration of the experiment. Control blanks consisting solely of simulated lung fluid were sampled and continuously agitated in the same manner as the test solutions containing SiO 2 . Solutions were closely monitored for pH changes occurring during the experiment. However, solutions were not adjusted for any change in pH.
Sample Collection
Five ml aliquots of solution were filtered into 7 ml highdensity polyethylene sample vials on days 7, 14, 19, 21, 23, 26 and 28. Aliquots of solution were collected by drawing the solution for each sample through a syringe and filtered with a 0.2 µm cellulose acetate syringe filter. Samples were then labeled and stored until analyzed.
Sample and Statistical Analyses
Samples were analyzed using inductively coupled plasma atomic emission spectroscopy (ICP-AES) to determine the total concentration of silica in solution as well as the percentage of the initial mass of silica that was dissolved. The average Si concentration was determined from three replicate analyses of the same sample. All sample results were corrected by subtracting the analytical results of the sample blanks from the SiO 2 sample results. Dissolution rates were determined by the amount of Si originally added to the simulated lung fluid solution, and were calculated as ppm Si dissolved per day (ppm Si/day). The original mass of Si had to be calculated by determining the fraction of Si in the SiO 2 molecule. Since Si comprises 46.7 % of the SiO 2 mass, each sample mass (original mass of SiO 2 added to solution) was multiplied by the mass fraction factor to obtain the mass of the original Si. The percentage of dissolved Si was then calculated by determining the dissolved fraction of Si from the original Si mass.
Statistical analyses of the results were performed using analysis of variance (ANOVA) to compare the means between the three different pH groups, with each sample in the three pH test groups matched with samples of similar particle size and SiO 2 mass in the other pH groups. The twosample t-test was used to compare the means between the 1.9 µm and 5.6 µm SiO 2 particle size test groups and between the 100 mg and 200 mg SiO 2 test groups. Levels of statistical significance were established at the α = 0.05 level.
RESULTS

Silica Dissolution as a Function of pH
Results of the dissolution tests according to pH, particle size and SiO 2 mass are in Table 2 . ANOVA results comparing the means of the sample groups as a function of pH were significant (p < 0.001). Figs. (1, 2, and 3) contain graphs to illustrate the percentage of dissolved silica from the original mass of silica dioxide at both the 100 and 200 mg mass concentrations, and at each of the pH levels of 7.5, 6.5, and 6.0. Since samples in the test groups were paired with each other according to pH and SiO 2 mass, dissolution rates relative to the original mass of SiO 2 added to the solution were unnecessary for these particular analyses. Results of the two-sample t-test revealed a significant difference between the mean dissolved Si concentrations between the test groups (p < 0.001).
A summary of the results of Si dissolution based upon the mass of SiO 2 particles added to solution is in Table 2 . Dissolution rates for the two test groups (100 mg SiO 2 added, 200 mg SiO 2 added) were analyzed as a function of the dissolution relative to the original mass of Si added to the solution (fraction Si dissolved). Samples for each test group (100 mg and 200mg) were paired to account for dissolution effects relative to pH and particle size. Analyses showed a possible non-significant trend (p < 0.10). Table 3 summarizes the measured pH levels at the point where pH stability is reached in each set of experimental conditions. The pH level for all the test solutions increased over the duration of the experiment. The increase in pH for the samples was uniform within the test groups of the same original pH level. Fig. (3) . Percentage of the dissolved silica from the original masses of silica dioxide in the pH 6.0 simulated lung fluid solutions. Plotted data represent the experimental results for tests at pH 6.0 for both particle sizes (5.0 µm and 10.0 µm) and SiO2 masses (100 mg and 200 mg).
DISCUSSION
The results of this study found the solubility of silicon dioxide increased significantly with higher pH, smaller particle size, and mass. These results suggest smaller particle size is the most important variable for silica solubility in experimental conditions. This information provides an important theoretical mechanistic basis for transport of soluble silica and the subsequent induction of systemic effects of silica that have been demonstrated in several epidemiological investigations [2] [3] [4] . Previously, the pathophysiological mechanism(s) for systemic effects of silicone dioxide have been unknown. These experiments, while not proving a role, suggest the solubility of silicon dioxide in simulated lung fluid adjusted for pH may provide a potential mechanism for how silicon dioxide may be converted to a soluble form for transport to other tissue in the body. Prior work conducted by Christensen et al. using manmade vitreous fibers and glass fibers in simulated lung fluid solutions revealed that high silica content within the fiber would make a fiber less soluble at lower pH [11, 15, 21] .
The dissolution rates for the test solutions of different pH varied quite substantially yet consistently between test groups. The samples that were in solution of pH 7.5 experienced dissolution rates nearly 2.0 -3.5 times greater than those achieved at pH 6.5 and 6.0 respectively. The gradual rise in pH for the pH 7.5 test group did not appear to have much of an impact on the dissolution rate as the study progressed. It is unclear why the pH in test group III (pH 7.5) increased more in comparison to the pH for the other two test groups (pH 6.5 and pH 6.0).
The results obtained from the particle size/surface area tests, generally correlated with prior studies, which involved surface area as a test parameter for mineral fiber dissolution in simulated lung fluids [23] . On average the dissolution rates for the 1.9 µm SiO 2 group were approximately twice the rate of corresponding 5.6 µm SiO 2 group. Previous dissolution research with mineral fibers demonstrated that decreasing surface area or fiber mass was associated with increasing the fiber dissolution rate, regardless of the fiber's composition [23] . Lundborg et al. reported that the dissolution rate of a particle is proportional to the surface area of the particle [19] . Observations by Kanapilly et al. stated that smaller particles of insoluble material would have higher dissolution rates than those of larger particles [24] . However, due to the environment within the intracellular fluid of the macrophage, smaller SiO 2 particles (< 5.0 µm) that are engulfed by alveolar macrophages may experience lower dissolution rates than larger particles that remain in the extracellular lung fluid. These observations correspond with glass fiber dissolution research conducted using cultured nasal epithelial cells and alveolar macrophages [18] .
Despite the lack of statistical significance, the analyses conducted on the two test groups of varying SiO 2 concentration/mass revealed there may be an effect on the relative dissolution rates based upon concentration of SiO 2 in the medium. On average the dissolved fraction of the 100 mg SiO 2 group was 1.6 times greater than the dissolved fraction of the 200 mg SiO 2 group.
The pH dependent dissolution rate of SiO 2 is believed to have physiological significance. Although the exact mechanism for the development of silicosis has not been defined, it is believed that cell death caused by the phagocytized SiO 2 particles leads to eventual fibrosis within the lungs. The conditions within alveolar macrophages may enhance residence times for SiO 2 particles within the cell, due to the reduced pH of the intracellular fluid. It is unclear whether silica particles are cytotoxic due to their chemical properties, physical properties, or a combination of the two.
Limitations of this study include a lack of biological components, such as enzymes, that would have an effect on the transport of silica from the lungs into the body. An invivo study may be beneficial for further determination of the extent of solubility of silica dioxide in the lungs and subsequent distribution in the body. However, the lack of biological components would seem unlikely to change the relationships identified in this study.
CONCLUSIONS
These experiments strongly suggest smaller particle size (e.g., larger surface area) of silica dioxide is more important than mass for producing silica dissolution. Higher pH also is an important factor. The dissolution rates of SiO 2 particles may have important toxicological ramifications. Each parameter that was tested in this research may have important roles in the pathogenesis of silica exposure induced disease. These results are also comparable with observations from particle dissolution research conducted using mineral fibers [21] .
There was evidence that increased SiO 2 concentration may reduce the overall amount of silica that is dissolved. Based upon the findings of this research as well as previous work, it would appear that SiO 2 dissolution occurs at a greater rate in the extracellular lung fluid than in the intracellular fluid.
The impacts of SiO 2 dissolution rates on development of silicosis and other diseases associated with respirable crystalline silica exposure are unclear. As silica appears to become soluble, it suggests not only the larger particles remaining in the lung may be responsible for silicosis, but the soluble portion may be transported from the lungs into the blood stream and beyond to potentially produce a variety of other adverse effects.
